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INVESTIGATION OF A COMPARTMENTED-GAS-BAG LANDING 

SYSTEM HAVING MULTIPLE-IMPACT CAPABILITIES 

By John R. McGehee 
Langley Research Center 

SUMMARY 

The principles of a proposed gas-bag landing system having omnidirectional, 
multiple-impact, and kinetic- energy-dissipating capabilities have been investigated exper- 
imentally and analytically. The omnidirectional capability of the proposed system may be 
obtained by surrounding the payload with a radially compartmented, spherical, gas bag. 
The multiple-impact capability may be achieved by retaining all gas within the bag during 
impacts. 
ment walls and the resulting phase lag between the internal gas-flow cycle and the impact- 
rebound cycle. 

Kinetic energy may be dissipated by gas flow through orifices in the compart- 

The principles of the proposed landing system were investigated experimentally to 
determine the kinetic-energy-dissipating capability of the system. 
vehicle, using unidirectional gas bags, was tested with both sharp-edged and fabric- 
covered orifices between the compartments. A supplementary experimental investiga- 
tion was conducted to determine the discharge parameters associated with various fabrics. 
In addition, equations were derived for computing time histories of acceleration, velocity, 
stroke, and compartment pressures to extend the usefulness of the investigation by per- 
mitting variation of the landing environment and test vehicle parameters. 

A simplified test 

The results of the experimental investigation show a kinetic-energy-dissipation 
capability for  the initial impact as great as 93 percent of the vehicle touchdown kinetic 
energy. Tests performed with aircraft-fabric-covered orifices yielded a slightly greater 
(approximately 5 percent) kinetic-energy-dissipation capability than was obtained with the 
sharp-edged orifices. The analytical investigation resulted in a computational procedure 
which provides fair agreement between computed and experimentally determined acceler- 
ations, pressures, and kinetic-energy dissipation for  the ranges of velocity and bag ini- 
tial pressures investigated. 

INTRODUCTION 

Programs have been proposed which envision the use of instrumented, soft-landing 
capsules for  early planetary exploration. The task of designing landing systems for 



survivable landings of instrumented capsules is complicated by inadequate data on the 
atmospheres and surface structures of the planets (refs. 1 and 2). Because of these 
uncertainties it would appear that a landing system having omnidirectional and multiple- 
impact capabilities would enhance the probability of achieving a successful landing. A 
variety of gas-compression systems have been proposed and investigated for use as 
energy-absorbing landing systems (refs. 3 to  11). The military services have used air 
bags for the aerial delivery of cargo and the Mercury spacecraft were equipped with an 
air-bag system for shock attenuation during landings. Spherical gas bags have been 
investigated, both analytically and experimentally, to provide a landing system having 
omnidirectional capabilities. 
gated, however, did not have a multiple-impact capability since they were designed to 
release gas from the bags either through orifices during the compression cycle or  by 
bag rupture at the end of the compression cycle. 

(See refs. 3, 4, and 5.) The systems previously investi- 

The purpose of the present investigation was to study the principles of a proposed 
gas-bag landing system having omnidirectional, multiple-impact, and kinetic-energy- 
dissipating capabilities. In the proposed landing system a spherical gas bag would sur- 
round the capsule for omnidirectional capability and gas would be retained within the bag 
during impacts for multiple-impact capability. Kinetic energy would be dissipated by 
having the gas bag compartmented so that gas would be forced through orifices between 
compartments. During the initial impact, gas compression would occur in those com- 
partments in contact with the landing surface and the gas forced through orifices in the 
compartment walls into the uncompressed o r  storage compartments. The force 
resulting from the pressure generated in the compressed compartments would stop the 
vehicle, although some of the touchdown kinetic energy would, of course, remain in the 
pressurized gas of the compartments in contact with the landing surface and this pres- 
sure  could initiate rebound. Assuming that all of the available stroke would be used 
(maximum gas exhaustion), rebound would still occur due to the return flow of gas from 
the storage compartments. Thus, at the instant of rebound initiation (for strokes less  
than the maximum available stroke), gas would still be flowing from the compressed com- 
partments into the storage compartments. Hence, a phase lag exists between the internal 
gas-flow cycle and the impact-rebound cycle so that some of the kinetic energy which 
would be stored as potential energy in the form of increased pressure in the storage com- 
partments during impact would not be available during rebound. The orifices, which con- 
trol the flow, may be thought of as valves which partially block or throttle flow during 
vehicle rebound and prevent reconversion of the potential energy into vehicle kinetic 
energy. During rebound the vehicle would lose contact with the surface and the internal 
gas flow cycle would reverse, so that gas would flow from the storage compartments back 
into the formerly compressed compartments, returning the bag to its spherical shape. In 
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subsequent impacts this cycle would be repeated until the other natural energy dissipating 
mechanisms (such as friction) eventually bring the vehicle to rest. 

. The principles of the proposed landing system were investigated experimentally to 
determine the kinetic-energy-dissipating capability of the system. A simplified test vehi- 
cle, utilizing the principle of the proposed system, was tested with both sharp-edged and 
fabric-covered orifices between the compartments. A supplementary experimental inves- 
tigation was necessary to determine the discharge parameters of the fabric-covered ori- 
fices and is included as appendix A. In addition, equations were derived for computing 
time histories of acceleration, velocity, stroke, and compartment pressures to extend the 
usefulness of the investigation to the design of landing systems requiring different sizes, 
masses, impact velocities, and gravity conditions. Data obtained from the analytical 
investigation were compared with the experimental data. 

SYMBOLS 

The units used for  the physical quantities in this paper a r e  given both in the Inter- 
national System of Units (SI) and in the U.S. Customary Units. Factors relating the two 
systems a r e  given in reference 12 and those used in the present investigation a r e  pre- 

sented in appendix B. *- 

A 

C 

d 

F 

g 

K 

mair 

mconf 

P 

ph 

area, meters2 (feet21 

orifice discharge coefficient 

diameter, meters (feet) 

force, newtons (pounds force) 

acceleration due to gravity, 9.81 meters per second2 (32.2 feet per seconda) 

flow direction indicator 

mass of air, kilograms (slugs) 

mass of configuration decelerated, kilograms (slugs) 

pressure, kilonewtons per meter2 (pounds per inch2) 

head pressure, meters of H20 (feet of H20) 
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Q mass flow of air, grams per second (slugs/second) 

r radius of the cylindrical gas bags, meters (feet) 

t 

V volume, meters3 (feet31 

Y air-bag stroke, meters (feet) 

time from instant of contact, seconds 

s; velocity, meters per second (feet per second) 

" 
Y acceleration, meters per second2 (feet per second2) 

x geometric porosity of fabrics (ratio of area of open space to total area) 

mass density of air (at standard conditions 1.22557 kilograms per meter3 P 
(0.002378 slug per foot3)) 

.=I Subscripts: 

a atmospheric 

e exhausted 

f 

i initial 

0 orifice 

t time after contact 

V vehicle 

W water 

footprint (area of gas bag in contact with landing surface) 

4 



I refers to collapsible volume 

11, JII, IV refer to storage volumes in the order of association with collapsible volume 

APPARATUS AND PROCEDURE 

Experimental Investigation 

It was noted in the introduction that in order to  obtain omnidirectional and multiple- 
impact landing capabilities the payload could be surrounded by a spherical- shaped, gas- 
bag, landing system. One such landing system, a spherical-shaped gas bag having 20 equal 
volume compartments with interconnecting orifices, is illustrated in the sketch of figure 1. 
An impact on the sphere at a vertex common to five compartments (fig. 1) would result in 
compression of the five compartments with subsequent gas flow into three additional sets  
of five compartments. For the experimental investigation a simplified test vehicle was 
designed to simulate conditions that would exist for the impact of the spherical gas bag on 
a vertex common to five compartments. A sketch of the test  vehicle and orifice details 
a r e  shown in figure 2. Pertinent parameters of this vehicle a re  presented in table I. In 
order to determine the influence of orifice design on the perfoimance of the vehicle, both 
sharp-edged and fabric-covered orifices (fig. 2) were investigated in landings of the test 
vehicle. 

Test vehicle.- The test  vehicle size was selected for convenience in the conduct of 
the experiments. 
a maximum diameter of 0.30 m (1 ft), and a decelerated mass of 11.09 kg (0.76 slug). 
The decelerated mass is defined as the total mass  of the vehicle minus the mass of the 
base plate and one-half the sum of the mass of the collapsible bags. The volume of the 
collapsible gas bags and the volumes of each of the three storage compartments were each 
one-fourth the total volume within the test vehicle. 

The vehicle was cylindrical and had an overall height of 0.43 m (1.4 ft), 

The collapsible gas bags were designed to decelerate the vehicle from a velocity of 
4.24 m/s (13.9 fps) with an initial air-bag pressure of 0 kN/m2 (0 psig) without 
exceeding the stroke of the air bags. The total gas-bag volume was  equally divided into 
eight cylindrical air bags. Each bag was made of a single layer of 0.025-cm (0.010 in.) 
balloon cloth (rubber-impregnated cotton fabric) and each had a diameter of 8.00 cm 
(3.00 in.) and a collapsible length or stroke of 0.15 m (0.5 ft). Multiple bags were used 
to obtain better stability of the test vehicle relative to that obtainable with a single bag. 
The upper body was a cylindrical aluminum can and had two plywood partitions with alumi- 
num orifice plates. For the sharp-edged orifices the orifice areas  between 
the four volumes were each 0.0008 rn2 (0.0086 ft2). The orifices between compartments 
were staggered to avoid air mass transfer which would result if the jet of air from one 
orifice impinged upon another orifice. 

(See fig. 2.) 
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The fabric-covered orifices (fig. 2) had coverings of aircraft fabric (cotton). In 
order to facilitate the comparison of kinetic-energy dissipation for the vehicle tests with 
sharp-edged orifices and fabric-covered orifices, the orifice areas for the fabric-covered 
orifices were increased by the ratio of the discharge parameter of the sharp-edged orifice 
to that of the selected fabric. Discharge parameters for fabric-covered orifices are dis- 
cussed in appendix A. This modification was  made to obtain approximately the same 
stroking of the air bags with fabric-covered orifices as was  achieved in landings of the 
vehicle with sharp-edged orifices. 

Instrumentation.- A photograph of the test vehicle and the instrumentation used in 
the landing experiments is shown as figure 3. The instrumentation consisted of a single 
component strain-gage type accelerometer, four strain-gage type pressure transducers, 
20 kHz (20 kcps) car r ie r  amplifier, an air-pressure control, and a recording oscillo- 
graph. The accelerometer has a natural frequency of 465 Hz (465 cps), was  damped to 
89 percent of critical damping, and was capable of measuring *50 g units. The acceler- 
ometer, as used in these tests, had a calibration factor of 2.90 g units/cm 
(7.36 g units/in.). The accelerometer was  rigidly mounted to the lead mass (as shown in 
fig. 2) to measure accelerations along the longitudinal axis of the vehicle. The pressure 
transducers are capable of measuring 345 kN/m (50 psi) with a natural frequency of 
approximately 10 kHz (10 kcps) and, for these tests, had calibration factors of approxi- 
mately 19 kN/m2/cm (7 psi/in.). A pressure transducer was mounted to record the gage 
pressure in each of the four volumes. It should be noted, however, that the pressure in 
the collapsible gas-bag volume was measured in only one of the eight bags and as shown 
in figure 2 it was necessary to mount the gage internally; thus, a vent tube was  required 
from the back of the gage to the atmosphere. The response of the recording equipment 
for acceleration recording was flat to 60 Hz (60 cps) and for pressure recording was f l a t  
to 1000 Hz (1000 cps). 

Test methods.- All tests were made by a free-fall method. Tests were made for 
vertical contact velocities of 4.24 m/s (13.9 fps) and 6.00 m/s (19.7 ft/sec). All landings 
were made on concrete for 0' (symmetrical) contact attitude. 

The experimentally obtained acceleration time histories were used to determine the 
kinetic energy dissipated in percent of the kinetic energy of the vehicle at  contact with the 
landing surface. The acceleration time histories were integrated from a reference line 
of 1 g unit. The velocity thus obtained was used in conjunction with the touchdown velocity 
to determine the kinetic energy dissipated. 

Analytical Investigation 

Equations were derived, utilizing the equations of motion and the force-stroke char- 
acteristics of the gas bags, to permit the computation of time histories of acceleration and 
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pressure for landings from a vertical flight path at a 0' (symmetrical) contact attitude. 
In the derivation of the equations of this analysis, it was assumed that the gas bags were  
inextensible and flexible and the only force-causing deceleration was  the gas-pressure 
force. The discharge parameter for the sharp-edged orifices was 0.6. The discharge 
parameters for the fabric-covered orifices were determined from the results of the dis- 
charge parameter investigation. Equations were  developed for both 
isothermal and adiabatic flow. The computations were made by using a numerical inte- 
gration procedure which employs the transformation d2y/dt2 = Af/At. The incremental 
time A t  was chosen sufficiently small so that the pressure and density at the beginning 
of any time interval could be taken as the average pressure and density during the time 
interval. The equations derived for  these computations are presented in appendix C. 

(See appendix A.) 

Time histories of acceleration, velocity, stroke, and pressure were  computed for 
selected values of initial pressure and contact velocity used in the experimental program. 
The computations were performed through the time required to obtain maximum rebound 
velocity. The maximum rebound velocity, constant vehicle mass being assumed, was 
used to compute the kinetic energy dissipated in percent of vehicle kinetic energy at ini- 
tial contact. 

RESULTS AND DISCUSSION 

Experimental Investigation 

The results of the test  vehicle investigation are presented in figures 4 to 7. 
ure 4 shows typical oscillograph records of vehicle acceleration and compartment pres- 
sures  for both sharp-edged and fabric-covered orifices. 
acceleration curve was  integrated to obtain the value of velocity (sum of the initial con- 
tact velocity and the maximum rebound velocity) to be employed in computing the kinetic 
energy dissipated during an impact. 

Fig- 

The shaded area  under each 

Typical time histories of acceleration and pressure for landings made with the test 
The distor- vehicle are shown in figure 5 for the range of initial pressures investigated. 

tion near the peaks of the acceleration curves and the pressure curves for VI a r e  
believed to result from unsymmetrical compression of the gas bags and the associated 
pitching of the upper body. As a result of the mass associated with the instrument cable 
(fig. 3) and since the tests were  conducted by having the vehicle f a l l  freely to the landing 
surface, perfectly symmetrical compression of the cylindrical air bags did not occur. 
Consequently, the pressure curve for VI would not necessarily represent the pressure 
associated with acceleration, since the pressure for VI was measured in only one of the 
eight cylindrical bags. Hence, direct correlation between time histories of acceleration 
and VI pressure was not obtained in all cases. Orifice-throttling characteristics may 
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be illustrated by noting the difference in the peak pressures between VI and VIr For 
example, the data in figure 5(a) show a peak pressure for  Vu that is 25 percent less than 
that for  VI. Increases in initial pressure resulted in a decrease in the difference between 
the peak pressures in VI and Vr 

The results of the discharge parameter investigation (appendix A) indicated that air- 
craft fabric had a maximum discharge parameter of 0.06 which is approximately one-tenth 
that of the sharp-edged orifices. In order to compare kinetic-energy losses between tests 
of the vehicle with the fabric-covered orifices and the sharp-edged orifices, similar 
impact parameters were required. Therefore, the a rea  of the fabric-covered orifice was  
increased by a factor of 10 relative to the area of the sharp-edged orifice in order to 
obtain the same bag stroke for the impact velocity and initial bag pressure used in the 
tests with the sharp-edged orifice. The similarity of the data shown in figures 5(a) and 
5(c) fo r  the sharp-edged and fabric-covered orifices, respectively, indicates the validity 
of this procedure. 

(See fig. 5(b).) 

The VI pressure data shown in figure 5(d) illustrate the effect of an unsymmetri- 
cal impact on the measured VI pressure. 
bag containing the pressure pickup used for measuring VI pressures. As a result the 
measured pressure is considerably higher than the pressure causing deceleration. The 
dashed line in this figure represents computed pressures based on measured accel- 
eration values and an assumed symmetrical impact. By using the computed VI pressure 
in figure 5(d), it can be seen from figures 5(c) and 5(d) that increases in initial bag pres- 
sure  also resulted in a decrease in the differences between the peak pressures in VI and 

The initial impact occurred on the collapsible 

VI 

Analytical Investigation 

Experimental and computed time histories of acceleration and pressure a re  com- 
pared in figure 6 for landings made with sharp-edged and fabric-covered orifices. Com- 
putations made by assuming both adiabatic and isothermal flow a r e  compared with experi- 
mental data obtained from the sharp-edged orifice model at an initial gage pressure of 
0 kN/m2 (0 psig) in figure 6(a). The computed values of peak acceleration agree fairly 
well with the magnitude of the peak experimental acceleration, but are displaced in time. 
A s  previously stated, the computations were made by assuming perfectly symmetrical 
impact and rebound but the experimental data, because of the free-fall test method, w e r e  
not obtained for perfectly symmetrical impacts. 
peak acceleration for the computed and experimental values may possibly be attributed 
to an unsymmetrical experimental impact which could result in a delay in the time of 
maximum force and, consequently, acceleration. 

The disagreement between the time of 



The pressure in VI was  measured in only one of the eight collapsible bags. An 
unsymmetrical impact would result in a pressure reading which would not represent the 
actual pressure in VI. Therefore, agreement between experimental and computed 

VI pressures would not be expected, because perfectly symmetrical experimental 
impacts were not achieved. Experimental and computed pressures for VI1, Vm, and 

show fair agreement. 

The differences between computed time histories of acceleration and pressure with 
assumed adiabatic flow and those with assumed isothermal flow are believed to be within 
the accuracy to which experimental accelerations and pressures could be read. Hence, 
only computations assuming isothermal flow were made for comparison with the experi- 
mental data in figures 6(b) and 6(c). 
ment between experimental and computed values of accelerations and pressures fo r  the 
test ranges of velocity and bag initial pressure. 

vIv 

The computational procedure resulted in fair agree- 

Kinetic-Energy-Dissipation Capability 

The kinetic energy dissipated, expressed in percent of touchdown kinetic energy, is 
shown in figure 7 as a function of initial bag pressure. Experimental and computed data 
a r e  presented for landings of the test vehicle with sharp-edged orifices made at velocities 
of 4.24 m/s (13.9 fps) and 6.00 m/s (19.7 fps). Experimental data a re  also presented 
for the test vehicle with aircraft-fabric-covered orifices landing at a velocity of 4.24 m/s 
(13.9 fps). 

a velocity of 4.24 m/s (13.9 fps) and an initial bag pressure of 0 kN/m2 (0 psig) indicated 
that approximately 88 percent of the touchdown kinetic energy was dissipated. At the same 
values of velocity and initial bag pressure, data from the vehicle with fabric-covered ori- 
fices indicated that approximately 93 percent of the touchdown kinetic energy was  dissi- 
pated. Landings of the vehicle, with both types of orifices, at initial bag pressures greater 
than atmospheric and a contact velocity of 4.24 m/s (13.9 fps) indicated a decrease in 
kinetic-energy dissipation with increases in initial bag pressures. If flow losses a r e  
assumed to vary with the amount of flow involved, it would appear that this type of landing 
system would dissipate more kinetic energy for those tes ts  in which the greater propor- 
tion of the initial volume of air was forced from the collapsible bags. In order to check 
the foregoing premise the vehicle with sharp-edged orifices was  impacted at a velocity of 
6.00 m/s (19.7 fps) for initial bag pressures of approximately 12.4 kN/m2 (1.8 psig) and 
22.1 kN/m2 (3.2 psig). Comparing the data in figure 7 for these tests with those con- 
ducted at the same initial bag pressure but at a velocity of 4.24 m/s (13.9 fps) shows that 
the increased impact velocity, which results in increased stroking of the collapsible bags 

Experimental data obtained from tests  of the vehicle with sharp-edged orifices for 
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since the mass is constant, produces approximately a 10-percent increase in kinetic- 
energy dissipation. The kinetic energy dissipated by the flow through the aircraft-fabric- 
covered orifices appeared to be approximately 5 percent greater than that dissipated by 
flow through the sharp-edged orifices. This increase in energy dissipation may possibly 
be attributed to increased losses resulting from additional frictional effects associated 
with the flow through the fabric. These losses also influence phase lag between the gas- 
flow cycle and the impact-rebound cycle. 

The computed data for the vehicle with sharp-edged orifices are shown by the sym- 
bols with ticks in  figure 7 for velocities of 4.24 m/s (13.9 fps) and 6.00 m/s (19.7 fps). 
The data computed for a velocity of 4.24 m/s (13.9 fps) are within 5 percent of the exper- 
imental data throughout the range of initial bag pressures investigated. The data com- 
puted (one data point) for  the higher velocity are in agreement with the experimental data. 
Therefore, within the accuracy of the experimental investigation, it would appear that the 
computational procedure is adequate for predicting kinetic-energy dissipation. 

CONCLUDING REMARKS 

The results of the experimental investigation of a compartmented- gas-bag landing 
system with multiple-impact capability show a kinetic-energy-dissipation capability as 
great as 93 percent of the touchdown kinetic energy. Flow through aircraft-fabric- 
covered (cotton) orifices resulted in a slightly greater (approximately 5 _percent) kinetic- 
energy-dissipation capability than was obtained from flow through sharp-edged orifices. 
The analytical investigation yielded a computational procedure which resulted in fair 
agreement between experimental and computed values of accelerations and pressures 
for the test ranges of velocity and bag initial pressure. Within the accuracy of the 
experimental investigation, the derived computational procedure appears to predict ade- 
quately kinetic-energy dissipation for the test ranges of velocity and initial bag pressure. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 26, 1968, 
124-08-04- 14-23. 
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APPENDIX A 

INVESTIGATION OF DISCHARGE PARAMETERS 

FOR VARIOUS FABRICS 

The apparatus used in the discharge-parameter (product of discharge coefficient 
and geometric porosity) investigation is shown in the photograph of figure 8. The appara- 
tus consisted of a settling chamber and a number of pressure chamber units which were 
attached in line with the settling chamber. An air pressure line having a maximum pres- 
sure  of 621 kN/m2 (90 psig) was connected to the settling chamber through a throttling 
valve. Fabric specimens and a control orifice were mounted between the flanges of the 
pressure chamber units. The control orifice was used to determine the mass flow of air 
during a test. Static and total-head pressure pickups were installed in the settling cham- 
ber  and in each of the pressure chambers. 
water-filled manometer for obtaining pressure measurements. 

These pressure pickups were connected to a 

A typical test  run is described to illustrate the operation of the apparatus. Fabric 
specimens of 0.15-m (0.5 ft)  diameter were mounted between the flanges of the pressure 
chamber units. A control orifice was mounted between the flanges of the last pressure 
units at the exhaust end. The throttling valve was opened to obtain the desired pressure 
in the settling chamber. After the flow was established a photograph of the manometer 
board was taken. A typical photograph of the manometer board taken during one of the 
experiments is shown in figure 9. 
mens is shown. 

The pressure drop across each of the installed speci- 

Discharge parameters were determined for cotton, nylon, and glass fabrics as a 
function of the pressure differential across the fabrics. Various weaves and fabric 
thicknesses of the glass fabric were investigated. Control orifices encompassing a range 
of diameters from 0.254 cm (0.100 in.) to 2.357 cm (0.928 in.) were employed to obtain 
a range of pressure differentials from approximately 0.02 kN/m2 (0.003 psi) to 
3.00 kN/m2 (0.400 psi). Restrictions imposed upon the airflow by the throttling valve 
and the pressure line limited the range of pressure differentials that could be obtained 
when the larger control orifices were used. Therefore, in order to obtain higher pres- 
sures  in the settling chamber and, consequently, greater pressure drops across the fabric 
specimens when the larger control orifices were used, it was necessary to reduce the 
area of the fabric specimens. This was accomplished by installing backing plates with 
holes, having a smaller cross-sectional area than that of the 10-cm-diameter (4 in.) pipe, 
downstream of each of the fabric specimens. 

Flow losses were determined from the measured pressure drops across the various 
fabrics and orifices as a function of the air mass flow. The mass flow for each of the 
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APPENDIX A 

tests was  computed from the pressure drop across  the control orifice employing a dis- 
charge coefficient of 0.61 for a sharp-edged circular orifice. In each test, several fab- 
rics were installed and the mass flow through all of these fabrics was computed by 
employing the measured pressure loss across  the control orifice in the following equation: 

where 

A0 orifice area, m2 (ft2) 

density of water, kg/m3 (slugs/ft3) PW 

P density of air flowing through orifice, kg/m3 (slugs/ft3) 

pressure drop across  control orifice, m of H20 (ft of H2O) Aph 
The discharge parameters for each of the fabric specimens were then computed 

from the following equation: 
cx = Q 

PA, (2g APhPw/P)1’2 

where Q was determined from equation (Al) and Aph was the measured pressure drop 
across the specimens. 

Photographs of the water-filled manometer for typical discharge parameter tests 
are shown in figure 10 for various mass flows. Static and total-head pressures are shown 
and within the reading accuracy there was  no discernible difference between the static and 
total-head pressures for the range of mass flows. 

The discharge parameters (defined herein as the product of the discharge coeffi- 
cient C and the geometric porosity A) for a sharp-edged orifice and various fabrics 
are presented in figure 11 as a function of the pressure differential across the orifice or 
fabric. The experimentally obtained discharge parameters (discharge coefficients since 
X = 1.0) for the 0.254-cm-diameter (0,100 in.) orifices were approximately 0.59. This 
value is approximately 3 percent below the 0.61 coefficient normally accepted for the 
boundary proportions of the equipment used in this test 

Orifice diameter - 0.254 cm 
Pipe diameter 10.16 cm 

- 

The increase in the discharge parameter with increasing pressure differential for 
the various fabrics is believed to result primarily from an increase in the geometric 
porosity of the fabric as it stretches. This hypothesis appears to be substantiated by the 
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APPENDIX A 

data obtained for the two glass fabrics. The type VIII glass fabric appears to reach a 
constant value of the discharge parameter of 0.033 at a pressure differential of approxi- 
mately 3.0 kN/m2 (0.44 psi), thus indicating that the glass fabric has become taut and 
reached a fixed value of porosity and, consequently, a fixed value of the discharge param- 
eter. The type III glass fabric appears to follow the same trend, but because it is a 
lighter material it reaches a constant value of the discharge parameter of 0.045 at a pres- 
sure  differential of approximately 0.4 kN/m2 (0.06 psi). (For a description of the glass 
fabrics, see ref. 13.) The type VIII fabric has the appearance of being less porous than 
the type 111 fabric and the data also indicate that this is the case since the type VIU fabric 
has a lower maximum value of discharge parameter. Within the range of pressure dif- 
ferentials investigated, the discharge parameters for the aircraft fabric (cotton) and the 
parachute fabric (nylon) did not reach a constant maximum value. The data for these 
fabrics were extrapolated, on the basis of the results obtained with the glass fabrics, to 
obtain a constant maximum value of the discharge parameter. This maximum value of 
discharge parameter obtained from the extrapolation for the parachute fabric was 0.1 at 
a pressure differential of approximately 10 kN/m2 (1.45 psi) and for the aircraft fabric 
it was  0.06 at a pressure differential of approximately 10 kN/m2 (1.45 psi). 

The results of the discharge-parameter investigation for the fabrics tested indicate 
that there is a range of pressure differentials within which the discharge parameter 
increases with increasing pressure differential. The results also indicate that the dis- 
charge parameters approach a maximum value as the pressure differential increases. 
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APPENDIX B 

Conversion 
factor 
4*) . . .  

CONVERSION O F  U.S. CUSTOMARY UNITS TO SI UNITS 

Unit 

- .  

The International System of Units (SI) was adopted by the Eleventh General 
Conference on Weights and Measures, Paris, October 1960, in Resolution No. 12 (ref. 12). 
Conversion factors for the units used herein are given in the following table: 

- 

I 

0.3048 meters (m) 
4.448 newtons (N) 
5 15.38 kg/m3 
6.8948 kN/m2 
14.594 kg 
1.3558 joule, (J) 
14.595 kg/s 
0.3048 m/s 
0.3048 m/s2 
1.0000 hertz (Hz) 

.- 

Physical quantity 

.. ~ ~~. . 

Length. . . . . . . . . . . . . . . . . . . . .  
Force . . . . . . . . . . . . . . . . . . . . .  
Density . . . . . . . . . . . . . . . . . . . .  
Pressure . . . . . . . . . . . . . . . . . . .  
Mass . . . . . . . . . . . . . . . . . . . . .  
Energy . . . . . . . . . . . . . . . . . . . .  
Mass flow. . . . . . . . . . . . . . . . . . .  
Velocity . . . . . . . . . . . . . . . . . . . .  
Acceleration . . . . . . . . . . . . . . . . .  
Frequency 

. ~ 

U.S. Customary 
Unit 

f t  
lbf 

psi = lbf/in2 
slugs/f t3 

slugs 

slugs/sec 
ft/sec 
f t /  s e c2 
CPS 

ft-lbf 

.... 

Multiply value given in U.S. Customary Unit by conversion factor to obtain * 
equivalent value in SI unit. 

Prefixes to indicate multiple of units are as follows: 
-~ - I Prefix I Multiple I 
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APPENDIX C 

EQUATIONS FOR COMPUTING TIME HISTORIES OF 

ACCELERATION AND PRESSURE 

Isothermal Flow 

The decelerating force at any time after contact with the landing surface is equal to 
the product of the footprint area of the compressible bags and the gage pressure in the 
bags 

Ft = *‘(PI, t)gage 

where the footprint area of the bags is 

Af = 8nr2 

The gage pressure in the compressible bags at any time t after contact may be 
determined from the pressure-volume relation and the mass-flow equations. When iso- 
thermal compression and expansion are assumed 

is the total mass  of gas exhausted from the compressible bags into where (mair, e, I)t 
the first storage volume at time t. 

The volume of air in the compressible bags at any time t after contact may be 
computed from the following equation: 

where Afyt represents the volume change due to compression. 

The mass of air in the compressible bags at contact is 

(mair,I)i = PI,iVI,i 

The air mass exhausted from the compressible bags (mair,e,I)t at any time t is 
approximated by 

15 



APPENDIX C 

Note that temperature effects are ignored and the velocity through the orifice is limited to 

sonic velocity by the following relation: For {w 2 i?, use i?. 
In order to account for gas flow reversal between impact and rebound cycles, the 

2 0, p = pI,t-l; conversely, when PI&-1 - PII,t-1 
p , t -1  - PII,t-ll 

following relations apply: When KI = 

The equations derived for determining the absolute pressure in storage volumes 11, 
111, and IV at any time after contact are 

PII,t = Fair,II). + (mair,e,1It - (mair,e,II)t 
91, i 

%I, i 

(mair, 11) 1 
(mair,m)i I PII1,t = [' 

1 
mair,III)i + (mair,e,ISt - (mair,e,IISt 

PIV, i 

m a i r , d i  + m  ( air,e,III)t 

Pw,t  = [' (m air, IV) 

The mass exhausted from volume I1 at any time after contact is approximated by 

1 jjZp11,t-1 - PIII,t-ll PII,t-1 - PIII,t-l 
(mair,e,1St = CPCAO P G PI1,t-1 - PIII,t-11 

In order to account for gas flow reversal between impact and rebound cycles, the 

following relations apply: When KII = P ~ * t - l -  Pm3t-llz 0, p = pII,t-l; conversely, 
p11,t-1 - PIII,t-11 

when KII < 0, P = PIII,t-l. The mass exhausted from volume 111 at any time after con- 

tact is approximated by 

) (mair, e, I.>t = 2 PCAO + IPIII,t-l - PIV,t-ll 
PIII t-1 - PIV,t-lI/ PIII,t-l - PIV,t-l 

16 
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APPENDIX C 

In order to account for gas flow reversal between impact and rebound cycles, the 

P 0, p = pm,t-l; conversely, Pm,t-1 - PIV,t-l following relations apply: When Km = 
pm,t-1 - PIV,t-lI 

when KIII < 0, P = PJy$.l '  

The deceleration at any time t may now be computed as follows: 

--- Ft g - .. 
Yt "conf 

The velocity at the end of the time interval or, synonymously, the velocity at the 
beginning of the next time interval may now be computed as follows: 

i t  = 9t-1 - j;, A t  

.Adiabatic Flow 

The pressure-volume relation and the mass-flow equations for assumed adiabatic 
compression and expansion of the air are presented. 

The gage pressure in the collapsible bags at any time t after contact is 

where 

and 

(mair,e,I)t N ZpCAo A t  
p1,t- 1 - P q t -  11 

Note that 'the velocity through the orifices is limited to sonic velocity by the following 

relation: 

17 
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In order to  account for gas flow reversal between impact and rebound cycles, the 

PI,t- 1 - PI1,t- 1 2 0, p = pI,t-l; conversely, 
PI,t-1 - PII,t-lI 

following relations apply: When KI = 

The absolute pressure in storage volumes 11, 111, and IV at any time after contact 
may be obtained from the following equations: 

(mair,II)i + (mair,eJt - (mair,e,II)t 

+ (mair,e,n)t - 

PII, i 

PIII, i 

(mair, 11) I” PII,t = [ 
( mair, III) 

L J 

PIV,t = pi m + m11Ie,Y.‘ PIV, i 
IV, i 

The mass of air exhausted from volume 11 at any time t after contact may be approxi- 
mated by 

) J”’P11,t-1 - PIII,t-lI CPI1,t-1 - PIII,t-1 
(mair,e,II)t = C P C A O  *t P PII,t-1 - pm,t-11 

For 
PII, t- 1 PII, t- 1 

In order to account for gas flow reversal between impact and rebound cycles, the 

following relations apply: When KII = 2 0, p = pII,t- 1; conversely, 

when KJJ < 0; P = PIII,t-l. The mass of air exhausted from volume I11 at any time t 

after contact may be approximated by 

(mair,e,III)t = CPCAO P \IPIII,t-l - PIV,t-ll ) J2(PIII,t-l - PIV,t-lI/ Pm,t-1 - PIV,t-l 
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In order to account for gas flow reversal between impact and rebound cycles, the 

2 0, p = pIZI,t-l; conversely, Pm,t- 1 - PIv,t- 1 
PIII,t-l - PIv,t-11 

following relations apply: When Km = 

when KJJI < 0, P = Pw,t- 1. 
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TABLE 1.- PERTINENT PARAMETERS OF TEST VEHICLE 

Decelerated mass . . . . . . . . . . . . . . . . . . . . . . .  
Footprint area of collapsible bags . . . . . . . . . . . . . .  
Volumes: 

VI (collapsible bags) . . . . . . . . . . . . . . . . . . . . .  
vu .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
vm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
vrv . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Orifice area: 
Sharp-edged orifice tests - 

Between VI and Vu . . . . . . . . . . . . . . . . . . . .  
Between VII and V m  . . . . . . . . . . . . . . . . . . .  
Between  VI^ and VIV . . . . . . . . . . . . . . . . . . .  

Between VI and VI1 . . . . . . . . . . . . . . . . . . . .  
Between V a  and  VI^ . . . . . . . . . . . . . . . . . . .  
Between  VI^ and V w  . . . . . . . . . . . . . . . . . . .  

Maximum stroke of collapsible bags . . . . . . . . . . . . .  

Fabric-covered orifice tests - 

11.09 kg 

0.036 m2 

0.006 m3 
0.006 m3 
0.006 m3 
0.006 m3 

0.0008 m2 
0.0008 m2 
0.0008 m2 

0.0079 m2 
0.0079 m2 
0.0079 m2 

0.15 m 

(0.76 slug) 

(0.393 ft2) 

(0.196 ft3) 
(0.196 ft3) 
(0.196 ft3) 
(0. 196 ft3) 

(0.0086 ft2) 
(0.0086 ft2) 
(0.0086 ft2) 

(0.0855 ft2) 
(0.0855 ft2) 
(0.0855 ft2) 

(0.50 f t )  
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Figure 1.- Sketch of a spherical gas bag having M equal volume compartments. 
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Figure 2.- Sketch of test vehicle and details of orifices. 
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L-66-3364.1 Figure 3.- Test vehicle and instrumentation. 
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pm - 1 0 

- 
I .. I 
I .=- 24 kN/m2 (3.5 psig) 

(a) Test vehicle with sharp-edged orifices; p = 0 kN/mZ (0 psi). I ,gaw 

~~ 7 Contact with landing surface ~~ 

~ 

.~ 

(b) Test vehicle with sharp-edged orifices; ~ i , ~ ~ ~  = 24.0 k N h 2  (3.5 psi). 

Figure 4.- Typical oscillograph records obtained from test vehicle. 
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4 j  ;bo.,, s_- 

ii E 4.24 m/s (l3.9 fps) E I L  
~ 

(c) Test vehic le w i t h  aircraft-fabric-covered orif ices; pi,gage = 0 kN/mZ (0 psi). 

I 
I 

$. = 4.24 m/s 03.9 fps) 

(d) Test vehic le w i th  aircraft-fabric-covered orif ices; pi,gage = 10.3 kN/mz (1.5 psi). 

Figure 4.- Concluded. 
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(a) Sharp-edged orifices; pi,gage = 0 kN/m2 (0 psi). 

Figure 5.- Typical time histories of acceleration and pressure obtained from test vehicle. ki = 4.24 m/s (13.9 fps). 
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(b) Sharp-edged orifices, Q , ~ ~ ~ ~  = 24.8 k N / d  (3.6 psi). 

Figure 5.- Continued. 
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(c) Aircraft-fabric-covered orifices; = 0 kN/m* (0 psi). 

Figure 5.- Continued. 
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(d) Aircraft-fabric-covered orifices; pi,gage = 17.2 kN/mZ (2.5 psi). 

Figure 5.- Concluded. 



Experimental 0 
Computed 

Adiabatic - 
Isothermal - - -  

(a) Test vehicle with sharp-edged orifices; pi = 0 kN/mZ (0 psi). 

Figure 6.- Comparison of typical time histories of experimental and computed acceleration and pressures. % = 4.24 m/s (13.9 fps). 
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(b) Sharp-edged orif ices; pi = 24.8 kN/m2 (3.6 psi). 

Figure 6.- Continued. 
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(c) Test vehicle with aircraft-fabric-covered orifices; pi = 0 k N / k  (0 psi). 

Figure 6.- Concluded. 
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Figure 7.- Kinetic energy dissipated as a funct ion of in i t ia l  air-bag pressure. Symbols wi th  ticks are computed data for sharp-edged orifices. 
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Figure 9.- Manometer b i r d  during a test. 
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Figure 10: Water-f i l led manometer for typical discharge parameter tests. Manometer board scales are in inches. 
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